The objective of this work was to evaluate the performance of different methods to estimate reference evapotranspiration (ETo) in the municipality of Cruz Alta -RS, using the Penman-Monteith method as standard. Daily meteorological data were collected from the Automatic Meteorological Station of the National Meteorological Institute (INMET), located in the municipality of Cruz Alta -RS, for a 10-year period. ETo was determined using the methods of Penman-Monteith, Priestley-Taylor, Hargreaves-Samani, Benevides-Lopes and Jensen-Haise, comparing the standard method with the other methods used for three subgroups of data: analysis of the average of 10 years of observations and periods of high and low solar radiation. In order to establish the best methods for estimating ETo, we used: linear regression analysis, root mean square error (RMSE), mean absolute error (MAE), agreement index (d), and performance index (c), with classes established by Camargo and Sentelhas. Among the methods evaluated for the climatic conditions of Cruz Alta -RS, the Priestley-Taylor method is the one that presents the best performance in ETo estimation, followed by the Hargreaves-Samani method, which can be used in daily and annual determinations, and in periods of high solar radiation. Due to the poor performance presented by the Jensen-Haise method, its use is not recommended.
Introduction
The municipality of Cruz Alta has the highest concentration of central pivots in the state of Rio Grande do Sul, with a total of 129 pivots in an area of approximately 9 thousand hectares, according to Martins et al. (2016) . The same authors also point out that among the municipalities with the largest relative areas occupied by central pivots in the state, Cruz Alta occupies second place, with 11.74% of the total area.
In Rio Grande do Sul, irrigation is used mainly during the summer, where there is irregular distribution of rainfall, the main factor conditioning the variability of agricultural production over the years due to the occurrence of water deficits (Bergamaschi et al., 2007) . One of the main parameters used to determine the water requirement of crops is evapotranspiration (Morais et al., 2015) . Its correct obtention is of paramount importance for a proper irrigation management, since it represents the amount of soil water to be replenished for the plants, according to the climatic and soil water conditions in the region (Tagliaferre et al., 2010) The reference evapotranspiration (ETo) can be obtained directly -through the estimation of the soil water balance, using lysimeters -, or indirectly, through evaporimeters or through the use of physical-mathematical models of estimation (Alves Sobrinho et al., 2011; Carvalho et al., 2015; Tanaka et al., 2016) . Among the existing models, the Penman-Monteith method, considered as standard by FAO (Allen et al., 1998) , besides obtaining a better precision in the estimates, is the model that best represents the physical and physiological factors involved in ETo (Carvalho et al., 2015) .
Notwithstanding, this method requires the knowledge of a large number of meteorological variables for its application, which are not always available (Martí et al., 2015; Palaretti et al., 2014) . For this reason, the use of simplified models is a potential alternative to estimate ETo when the available data are limited (Alencar et al., 2015) .
For the correct use of simplified models in substitution to the standard method of PenmanMonteith, local and regional calibrations, in addition to statistical model performance evaluations, are important for evaluating errors in ETo estimates and guiding the choice of methods that best suit the availability of local meteorological data and the level of accuracy demanded (Tagliaferre et al., 2010; Souza et al., 2011; Carvalho et al., 2015) .
In view of the above, this work aimed to evaluate the performance of different methods to estimate reference evapotranspiration (ETo) in the city of Cruz Alta -RS, using the Penman-Monteith method as standard.
Material and methods
The city of Cruz Alta, in the state of Rio Grande do Sul, is located at 28º 38' 19" South and 53º 36' 23" West, with an average altitude of 452 meters from sea level. The climate of the region is characterized, according to Köppen classification, as subtropical humid (Cfa), without dry season, with mean temperature of the hottest month above 18.5 ºC and mean annual rainfall of 1,630 mm (Alvares et al., 2013) .
For this work, the following daily meteorological data were used: mean, maximum, and minimum air temperature (ºC), mean relative humidity (%); mean wind speed at 2 m high (m s -1 ), atmospheric pressure (hPa), insolation (h), and solar radiation (MJ m -2 day -1 ). These data were collected from the Automatic Meteorological Station of the National Institute of Meteorology (INMET), located in the city of Cruz Alta -RS, for the period between January 1, 2005 and December 31, 2014, totaling 10 years and 3652 observations (Table 1 ). The behavior of the main meteorological variables used can be observed in Figure 1 . Allen et al. (1998) .
After collecting and tabulating the mean daily data, ETo was determined for the mentioned period from the following methods: Penman-Monteith, Priestley-Taylor, Hargreaves-Samani, Benevides--Lopes, and Jensen-Haise. Using the Penman-Monteith method as standard, comparisons were made between this method and the aforementioned ones. The meteorological variables involved in the ETo estimation equation for each method used are shown in Table 2 . To perform the comparisons, in order to identify possible variations in the ETo estimation for each method in daily scales and evapotranspiration conditions, the meteorological data were divided into three subgroups: analysis of the average of 10 years of observations, analysis of the days with a solar radiation balance higher than the mean radiation balance (Rn > 10.13 MJ m -2 day -1 ), and days with a solar radiation balance lower than or equal to the mean radiation balance (Rn ≤ 10.13 MJ m -2 day -1 ). For the last subgroup, the radiation balance was calculated according to the methodology proposed by Allen et al. (1998) , and the mean daily radiation balance was calculated, being 10.13 MJ m -2 day -1 . Subsequently, the data were classified as a function of the mean value, totaling 1667 observations for days with Rn above the mean, and 1985 observations for days with Rn equal to or below the mean.
The linear regression analysis, which used the model Yi = a + bŶi to compare the ETo values obtained by the Penman-Monteith method (Yi) and the other methods used (Ŷi), was employed to establish the methods that better estimate ETo in relation to the standard method, for the three subgroups. From the generated equations, the linear and angular coefficients, coefficients "a" and "b", respectively, and the coefficient of determination (R²) were analyzed. The methods considered to show the best ETo estimation were those with regression coefficient "a" closer to zero, coefficient "b" closer to the unit, and coefficient of determination closer to one.
In addition to the abovementioned criteria, for the establishment of the best ETo estimation methods, the following were also calculated: root mean square error (RMSE), mean absolute error (EAM), and some indicators of statistical performance among the methods, which were: agreement index (d), which determines the degree of distance from the estimated values in relation to the observed values (Willmott, 1981) ; and the performance index (c) of Camargo and Sentelhas (1997) , according to the classification indicated in Table 3 . Adapted from Camargo & Sentelhas (1997) .
Results and discussion
In the comparison analysis between the different ETo estimation methods and the Penman-Monteith method for the 10-year period of observations (Table 4) , it was verified from the coefficient of determination (R 2 ) that the methods of Priestley-Taylor, Hargreaves-Samani, and Benevides-Lopes obtained good estimation accuracy, with coefficients of determination of 0.98, 0.98, and 0.93, respectively. On the other hand, the Jensen-Haise method presented less precision than the others, with R 2 of 0.73. Morais et al. (2015) found similar precision for the JensenHaise method, with coefficients of determination of 0.75 for Petrolina-PE.
Analyzing the values of coefficients "a" and "b" generated by the regression equations found for the different methods and the data dispersion observed in Figure 2 , it was found that the methods of PriestleyTaylor, Hargreaves-Samani, and Jensen-Haise tended to overestimate the data by 13%, 21%, and 141%, respectively, while the Benevides-Lopes method showed a tendency of 14% underestimation. Disagreeing with the present study, for the methods of Priestley-Taylor and Hargreaves-Samani, Guedes Filho et al. (2011) and Silva et al. (2012) observed a tendency of ETo underestimation in daily data for the city of Areia -PB and for the northern region of Recife -PE, respectively. On the other hand, Tagliaferre et al. (2010) observed, for Eunápolia -BA, a behavior similar to that observed in this study, where the Hargreaves-Samani method showed a tendency of 23% overestimation of ETo data. Vallory et al. (2016) also observed a tendency of overestimation of ETo data for the state of Rio de Janeiro, using the PriestleyTaylor and Hargreaves-Samani methods.
Regarding performance indices, the values obtained for root mean square error (RMSE), mean absolute error (MAE), agreement index (d), and performance index (c) indicated the Priestley-Taylor method to be the best, followed by the methods of Hargreaves-Samani and Benevides-Lopes, the three of them being classified as "Great", and the JensenHaise method classified as "Poor". Tagliaferre et al. (2010) , in Eunápolis -BA and Uberlândia -MG, and Sanches et al. (2015) , in the northern region of Brazil, also found the Priestley-Taylor method to be of better performance among other methods used.
Corroborating with this study, similar results were observed by Silva et al. (2014) when comparing ETo estimation methods for Piracicaba -SP, obtaining a great performance of the Hargreaves-Samani method in relation to the Penman-Monteith method, with a coefficient of determination of 0.957. Tanaka et al. (2016) reported, in a study carried out in the state of Mato Grosso, that the JensenHaise method presented, as a whole, the worst statistical indicators in the estimation of ETo in daily scale, compared to the other methods studied. Moreover, the same authors, when observing the data dispersion around the 1:1 line regarding the ETo estimated by Penman-Monteith and by other methods, found that the Jensen-Haise method presents one of the worst correlations for ETo estimation. The same behavior verified by the aforementioned authors for the JensenHaise data dispersion was observed in the present work.
In order to evaluate periods of high and low solar radiation, the data were classified in days with a solar radiation balance higher than and days with a solar radiation balance lower than or equal to the mean radiation balance, being then analyzed. This differentiated analysis was carried out with the objective of simulating, with the data of high radiation balance, periods of high evapotranspiration demand, and with the data of low radiation balance, periods of lower demand, such as summer and winter seasons in Rio Grande do Sul. This is because during the period of high evapotranspiration demand, the crops need higher water consumption, thus being the most important period for obtaining precision in ETo estimation (Alencar et al., 2011a) .
For the conditions of days with solar radiation balance higher than and days with radiation balance less than or equal to the mean balance (Table 5 and Figure 3 ), the methods of Priestley-Taylor, HargreavesSamani, and Jensen-Haise presented coefficients of determination of 0.78, 0.67, and 0.51, respectively, and decreased performance in relation to the overall mean, being classified as "Good", "Good", and "Very Poor", respectively, for days with solar radiation balance higher than the mean value. On the other hand, the Benevides-Lopes method presented a coefficient of determination of 0.64, data underestimation tendency of 17%, and "Regular" performance, different from what was observed for this method in the general analysis, in which it was classified as "Great". Table 5 -Means of ETo, regression analysis results (a, b and R 2 ), root of error mean squared (REMS), mean absolute error (MAE), concordance index (d), performance index (c) and performance for the condition of days with a higher than average radiation balance; and days with radiation balance less than or equal to the general average of the radiation balance for the period January 1, 2005 to December 31, 2014. Regarding the high radiation condition, the Priestley-Taylor and Hargreaves-Samani methods presented satisfactory performance for ETo estimation, being classified as "Good". Alencar et al. (2011b) , in a study carried out for northern Minas Gerais, presented similar results regarding the abovementioned methods for high evaporative demand, presenting an agreement index classified as "Great" for Priestley-Taylor, and "Good" for Hargreaves-Samani.
For the aforementioned condition, the Benevides-Lopes method obtained a performance classified as "Regular". The Jensen-Haise method obtained a "Very Poor" performance and its use is not recommended. The said method, according to Pereira et al. (1997) , was developed for arid and semi-arid regions, being used in irrigated areas, and estimated for periods of 5 to 10 days, conditions different from those developed in the present study. In addition, Fanaya reported that due to the simplicity of the Jensen-Haise equation, it does not allow its use in large ranges of climatological conditions, thus justifying the low performance found for the method in this work. The performance of the tested methods indicates that it is preferable to use the Priestley-Taylor and Hargreaves-Samani methods to estimate ETo under high radiation.
For the comparison analysis of the methods for days with a solar radiation balance lower than or equal to the mean value, an ETo overestimation tendency of 10%, 35%, and 183% was observed with the methods of Priestley-Taylor, Hargreaves-Samani, and JensenHaise, respectively, and a tendency of 10% underestimation was obtained with the Benevides-Lopes method. For this condition, the best performing method was the Priestley-Taylor, which was classified as "Good", followed by the methods of Benevides-Lopes, Hargreaves-Samani, and Jensen-Haise, which were classified as "Regular", "Regular", and "Very Poor", respectively.
For the low solar radiation condition, the Jensen-Haise method should not be applied, since it presented an unsatisfactory performance. The Priestley-Taylor method is best suited for this condition, followed by the methods of Hargreaves-Samani and Benevides-Lopes. Alencar et al. (2011a) found similar results for the Hargreaves-Samani method, with the worst performance in the months when the lowest insolation values occur in the Uberaba-MG region.
The Benevides-Lopes method, both for days with a radiation balance higher than and days with a radiation balance lower than the mean for the period, presented performance index (c) values similar to those found by Rigoni et al. (2013) in a study carried out in Aquidauana -MS, being classified as "Regular".
In the conditions evaluated in this work, it was observed that the Priestley-Taylor method obtained the best performance in relation to the other methods in the overall analysis of the 10-year period, with high and low solar radiation, being than recommended for ETo estimation in the studied region. The best performance of the Priestley-Taylor method is related to the fact that it uses, as well as the Penman-Monteith method, the radiation balance to estimate ETo, and also a greater number of meteorological variables, giving it greater accuracy. However, the application of this method is restricted to sites that have available radiation data in meteorological stations, the main limitation found for not using the standard method of Penman-Monteith and searching for alternative methods .
Regarding the studied methods that do not use the radiation balance to estimate ETo, the Hargreaves-Samani and Benevides-Lopes can be recommended for overall means of historical series, since they presented performances classified as "Great". Furthermore, these methods have the advantage of greater simplicity and ease of application in relation to the Priestley-Taylor and Penman-Monteith methods, since radiation data are not required. Bezerra et al. (2014) and Borges Júnior et al. (2012) also observed a better performance of the HargreavesSamani and Benevides-Lopes methods among those used to determine the air temperature.
Notwithstanding, for conditions of days with a radiation balance higher than and days with a radiation balance lower than or equal to the mean value, these behaviors were not repeated. The Hargreaves-Samani method can be indicated for high radiation conditions, since it presented a performance classified as "Good", but for low radiation conditions, it should not be used due to its behavior classified as "Regular". However, regarding both the Benevides-Lopes and JensenHaise methods, which presented "Regular" and "Very Poor" performance, respectively, for both conditions, their use should be discouraged.
Conclusions
For the climatic conditions of Cruz Alta -RS, the Priestley-Taylor method presents the best performance in ETo estimation.
The Hargreaves-Samani method can be used to estimate ETo in Cruz Alta -RS, in daily and annual determinations, and in periods of high solar radiation.
Due to the poor performance achieved by the Jensen-Haise method, its use is not recommended for Cruz Alta-RS.
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